Introduction
============

Epigenetic dysregulation plays an important role in driving the aberrant gene expression patterns seen in a variety of hematologic malignancies. As many epigenetic alterations are reversible, these factors have drawn considerable attention as potential antineoplastic targets. One particular target of significant clinical interest is the bromodomain and extra-terminal (BET) family of proteins, which includes BRD2, BRD3, BRD4, and the testis-specific BRDT.[@b1-ott-9-5943],[@b2-ott-9-5943] Bromodomains (BRDs) are protein domains that possess a high affinity for binding to acetylation motifs, including acetylated histone proteins within chromatin.[@b1-ott-9-5943],[@b2-ott-9-5943] The BET family of proteins bind to acetylated chromatin and regulate gene transcription.[@b1-ott-9-5943],[@b2-ott-9-5943] Selective inhibition of the interaction between BET proteins and acetylated chromatin has resulted in significant activity in preclinical models of acute leukemia, lymphoma, and multiple myeloma (MM).[@b3-ott-9-5943],[@b4-ott-9-5943] Initially, this effect was largely attributed to inhibition of c-Myc expression, but repression of a variety of oncogenic factors is being discovered. This has led to early-phase clinical trials utilizing BET inhibitors in a number of hematologic malignancies, with encouraging clinical results.[@b5-ott-9-5943],[@b6-ott-9-5943] In this review, we discuss the evidence for the efficacy of BET inhibitors in select hematologic malignancies. We also discuss the use of current BET inhibitors in clinical trials along with results from a recently completed Phase I study utilizing BET inhibitors in advanced hematologic malignancies. Finally, we discuss proposed combination therapies with BET inhibitors and mechanisms of resistance to BET inhibitors.

Mechanism of action of BET inhibitors
=====================================

The BET family of proteins is a structurally homologous group composed of two tandem N-terminal BRD modules, an extra-terminal domain, various conserved motifs, and a C-terminal motif (CTM) that is present in BRD4 and BRDT.[@b2-ott-9-5943],[@b7-ott-9-5943] The BRD modules on BET proteins facilitate binding of BET proteins to sites of active transcription through a hydrophobic pocket that associates with acetylated lysine residues on histones.[@b7-ott-9-5943] Upon binding, BET proteins then recruit and stabilize transcription effectors and thereby promote transcription.[@b7-ott-9-5943],[@b8-ott-9-5943] Additionally, the CTM of BRD4 and BRDT interacts with the P-TEFb, resulting in the release of the inhibitory protein HEXIM1 and subsequent P-TEFb activation.[@b7-ott-9-5943],[@b8-ott-9-5943] Overall, BET proteins play a central role in facilitating effective transcription. [Figure 1](#f1-ott-9-5943){ref-type="fig"} illustrates, using BRD4 as an example, the central role that BET proteins play in transcription.

Recent studies have demonstrated that while BET proteins bind to enhancer sites throughout the genome, they are preferentially found at enhancer sites of oncogenes and critical lineage-specific genes, deemed as super-enhancer sites.[@b9-ott-9-5943]--[@b11-ott-9-5943] For example, when the binding of BRD4 was assessed across nearly 18,000 enhancer sites of various genes in lymphoma, nearly 30% of BRD4 binding occurred at only 285 (1.4%) enhancer sites.[@b12-ott-9-5943] When these few sites were examined, BRD4 was found to preferentially bind in the proximity of critical lymphoma-related oncogenes, such as c-Myc and CD79B, and at enhancers essential for B-cell fate determination, such as PAX5 and IRF8.[@b12-ott-9-5943] This finding indicated that targeting BET proteins could specifically target transcription of oncogenes and genes critical to disease development and progression.

Given the critical role of BET proteins in transcription and in malignancy, significant efforts were made to develop inhibitors to the BET family of proteins. In the late 2000s, after characterization of the hydrophobic interaction between BRDs and acetyl-lysine, triazolothienodiazepine compounds were synthesized which disrupted the interaction between the BRD of BET proteins and acetyl-lysine.[@b7-ott-9-5943] Two small-molecule compounds, JQ1 and I-BET762, were synthesized and found to selectively disrupt the interaction between the BET BRD and acetyl-lysine, resulting in the dissociation of BET proteins from chromatin.[@b7-ott-9-5943] These compounds were initially studied in myeloma and demonstrated repression of c-Myc expression.[@b1-ott-9-5943] Since the initial discovery of these compounds, several other compounds with similar effects have been developed. Through these inhibitors, BET inhibition has been explored in a variety of hematologic malignancies. In this review, we discuss these significant findings that make BET inhibition an attractive strategy in leukemias, lymphomas, and multiple myelomas (MMs).

BET inhibitors in acute leukemia
================================

Treatment of acute myeloid leukemia
-----------------------------------

Among the hematologic malignancies, leukemia represents the deadliest group of diseases accounting for an estimated 24,000 deaths in the US annually.[@b13-ott-9-5943] Acute myeloid leukemia (AML) is the commonest form of acute leukemia in adults, and current therapy only affords approximately a 40% chance of survival for 5 years.[@b13-ott-9-5943] The major limitation in AML therapy is that while the majority of patients diagnosed with AML are older, current AML treatment appears to be less effective in older patients.[@b13-ott-9-5943] Above the age of 40 years, with each subsequent decade, a lower number of patients achieve remission with conventional therapy, and a higher rate of relapse occurs among patients who have achieved remission. Additionally, in patients with relapsed or refractory disease, treatment options are mostly ineffective, and long-term survival is only approximately 10%.[@b14-ott-9-5943]

Despite the limitations of current AML therapy, recent advances in the understanding of the molecular mechanisms of AML promise to improve outcomes. Over the past decade, several genetic abnormalities in AML have proved to be important prognostic markers. One example is the NPM1 gene mutation, which, in the absence of other mutations, has been found to confer a more favorable prognosis.[@b15-ott-9-5943] Another example is that internal tandem duplications (ITDs) involving the FLT3 have been shown to portend a poorer prognosis, with higher rates of relapses in patients with this abnormality.[@b16-ott-9-5943] Finally, translocations that involve the MLL gene have been found to occur in a higher frequency in patients with therapy-related AML, and these patients also tend to have a worse overall prognosis.[@b17-ott-9-5943] Practice changes based on these findings include early referral for allogeneic stem cell transplantation (SCT) if a poor prognostic mutation is discovered and remission is achieved. Beyond prognostication, these mutations represent targetable abnormalities. Genetic abnormalities involving NPM1 and MLL likely result in aberrant expression of critical oncogenes. Further, mutations involving FLT3 likely result in constitutive activation of multiple differentiation and survival pathways. In this review, we discuss about how the BET family of proteins may be involved in the pathogenesis of AML, particularly in NPM1 and MLL leukemias. We also discuss about how the BET family of proteins likely promotes oncogenesis through a number of shared pathways activated in FLT3 AML. Finally, we discuss about how BET inhibition may be effective in these subsets of AMLs. [Table 1](#t1-ott-9-5943){ref-type="table"} summarizes potential targets in leukemia sensitive to BET inhibition.

### NPM1-mutated AML

The NPM1 mutation is present in approximately 35% of AML cases, representing one of the commonest distinctions in AML.[@b15-ott-9-5943] NPM1-mutant AML is generally considered a more favorable subtype; however, increasing evidence demonstrates that these patients represent a heterogeneous population, and prognosis varies depending on other mutations that accompany the NPM1 mutation.[@b16-ott-9-5943] Functionally, NPM1 serves multiple functions including a role in ribosomal assembly, as a nucleolar histone chaperone, and a regulator of the ARF-p53 pathway.[@b18-ott-9-5943] These roles rely on shuttling of NPM1 between the nucleus and cytoplasm. The most common NPM1 mutations result in a mutated protein lacking a folded C-terminal domain, leading to cytoplasmic localization of the NPM1 protein.[@b19-ott-9-5943] Recent studies on NPM1-mutant AML have identified nuclear NPM1 as an important regulator of transcription through BRD4.[@b18-ott-9-5943] In NPM1 wild-type patients, NPM1 is thought to associate with BRD4 in the nucleus to repress BRD4-dependent transcription. However, in NPM1-mutant AML, transcriptional repression of BRD4 by NPM1 is lost due to cytoplasmic mislocalization, resulting in an increased gene expression of critical oncogenes, including c-Myc and BCL2.[@b18-ott-9-5943] Therefore, inhibition of BRD4 appeared to be a rational target in NPM1-mutant AML. To this extent, treatment of the NPM1-mutant AML cell line OCI-AML with I-BET151, a BET inhibitor with activity against BRD2, BRD3, and BRD4 was examined.[@b18-ott-9-5943] BET inhibition in this cell line resulted in decreased proliferation and increased apoptosis, and mechanistically, downregulation of BCL2 and c-Myc was observed.[@b18-ott-9-5943] Subsequently, various patient samples containing an NPM1 mutation were treated with I-BET151, and downregulation of BCL2 and c-Myc was confirmed in these samples.[@b18-ott-9-5943] Finally, in vivo, I-BET151 was administered to an immunodeficient mouse model (NOD mouse) xenografted with OCI-AML, and tumor growth was impaired leading to an improvement in overall survival.[@b18-ott-9-5943] These findings provide rationale for BET inhibition in NPM1-mutant AML.

### MLL-translocated AML

Chromosomal translocations involving the MLL gene, located at chromosome band 11q23, frequently occur in AML, particularly in therapy-related AML.[@b17-ott-9-5943] Rearrangements involving MLL also occur in approximately 10% of acute lymphoblastic leukemia (ALL) cases.[@b17-ott-9-5943] Typically, these findings are associated with a poor prognosis.[@b17-ott-9-5943] MLL encodes for a histone methyltransferase involved in transcriptional regulation.[@b20-ott-9-5943] Translocations involving MLL commonly result in the fusion of MLL with important regulators of transcriptional elongation, including the super elongation complex (SEC).[@b21-ott-9-5943] The result is deregulated transcription driving leukemogenesis. Both BRD3 and BRD4 are components of the SEC. Additionally, BRD3 and BRD4 are components of the polymerase-associated factor complex (PAFc) which plays a role in MLL localization to promote transcription.[@b21-ott-9-5943] Given these functions, BET inhibition was identified as a potential therapy in MLL leukemia. BET inhibitors I-BET151 and JQ1 have both been tested in MLL-fusion leukemia cell lines and in MLL-driven mouse models.[@b21-ott-9-5943] MLL leukemia was found to be sensitive to BET inhibition, and NOD mice xenografted with MLL leukemia had a prolonged survival with BET inhibitor treatment.[@b21-ott-9-5943] Both inhibitors mechanistically were shown to decrease binding of the SEC and PAFc to critical gene loci, leading to inhibition of transcription and downregulation of important oncogenes, including c-Myc and BCL2.[@b21-ott-9-5943] Overall, these data support the use of BET inhibitors in acute leukemia containing translocations involving the MLL gene.

### FLT3-mutated AML

FLT3 mutations occur in approximately 30% of patients with AML, and FLT3-mutant AML represents an aggressive form of AML with an inferior leukemia-free survival compared to patients without the mutation.[@b16-ott-9-5943] The most common FLT3 mutation encountered is ITD mutation, resulting in constitutive FLT3 activation and subsequent downstream activation of important proliferation, differentiation, and survival pathways.[@b22-ott-9-5943] Increased STAT5, AKT, and ERK phosphorylation is observed as a result of constitutive FLT3 activation.[@b22-ott-9-5943] Recently, several FLT3 tyrosine kinase inhibitors (FLT3-TKIs) have been introduced in clinical trial for FLT3-mutant AML, and while these inhibitors in some cases have resulted in remissions, typically, these remissions are short lived, and resistance and relapse often occur.[@b22-ott-9-5943] One hypothesis for resistance is through activation of various transcriptional mediators which result in reactivation of various proliferative pathways.[@b22-ott-9-5943] Given this potential resistance mechanism, the BET inhibitor JQ1 was evaluated with FLT3-TKIs including quizartinib.[@b23-ott-9-5943] Combination therapy resulted in further attenuation of p-STAT5, p-AKT, and p-ERK1/2 compared to FLT3 inhibition alone, and additionally increased expression of the apoptotic proteins p21 and BIM.[@b23-ott-9-5943] Decreased viability and increased apoptosis were demonstrated in both FLT3-ITD cell lines MOLM13 and MV4-11 and in primary AML samples in patients harboring an FLT3-ITD mutation.[@b23-ott-9-5943] BET inhibition was also evaluated in the TKI-resistant cell line MOLM13-TKIR.[@b23-ott-9-5943] Phenotypically, compared to TKI-sensitive MOLM13 cells, MOLM13-TKIR cells demonstrated markedly increased c-Myc and BCL2 expression, and increased expression of proteins belonging to the polycomb repressive complex 2, EZH2, and SUZ12.[@b23-ott-9-5943] JQ1 treatment increased apoptosis of MOLM13-TKIR cells.[@b23-ott-9-5943] Interestingly, apoptosis was seen to a greater extent in the MOLM13-TKIR cells compared to JQ1-induced apoptosis seen in MOLM13 cells.[@b23-ott-9-5943] JQ1 treatment further was shown to result in downregulation of c-Myc, BCL2, EZH2, and SUZ12 in MOLM13-TKIR cells.[@b23-ott-9-5943] As EZH2 and SUZ12 were hypothesized to confer a survival benefit in MOLM13-TKIR cells, BET inhibition has been proposed as a therapeutic option for TKI-resistant FLT3-ITD AML.

Treatment of ALL
----------------

### B-cell ALL

B-cell ALL in adults carries a similar prognosis compared with AML with an estimated 40% survival for 5 years.[@b13-ott-9-5943] Recent genetic characterization of this disease has resulted in an improved understanding regarding prognosis in this disease, and provides new targets to treat and potentially improve outcomes. One relevant genetic alteration recently identified involves rearrangements in the gene for CRLF2. CRLF2 alterations have been identified in approximately 15% of adult B-cell ALL patients, and are associated with a high rate of relapse and poor overall survival.[@b24-ott-9-5943] When the BET inhibitor JQ1 was evaluated in a series of B-cell ALL cell lines to determine its therapeutic potential, it was found to potently reduce viability in B-cell ALL lines harboring CRLF2 alterations.[@b25-ott-9-5943] CRLF2 heterodimerizes with the IL-7 receptor, leading to activation of JAK1, JAK2, and STAT5.[@b25-ott-9-5943] BET inhibition, primarily through BRD4 inhibition, resulted in downregulation of the IL-7R gene, and in B-cell ALL cell lines harboring CRLF2 alterations, JQ1 treatment resulted in significantly diminished JAK2 and STAT5 phosphorylation by 24 hours.[@b25-ott-9-5943] Further, c-Myc downregulation was observed with decreased c-Myc target gene expression.[@b25-ott-9-5943] Accordingly, these cell lines demonstrated significant sensitivity to JQ1 treatment, resulting in inhibition of proliferation and induction of apoptosis. Another potential effect seen with BET inhibition in B-cell ALL was downregulation of Aurora B kinase.[@b26-ott-9-5943] Aurora B kinase plays a role in directing mitosis, is upregulated by c-Myc, and can be overexpressed in B-cell ALL.[@b26-ott-9-5943] Importantly, treatment of mice xenografted with primary B-cell ALL blasts with JQ1 resulted, in addition to downregulation of c-Myc, in significant downregulation of Aurora B kinase in the bone marrow of these mice.[@b26-ott-9-5943]

### T-cell ALL

T-cell ALL represents approximately 25% of total ALL cases and generally has a more favorable prognosis compared to B-cell ALL.[@b13-ott-9-5943] Through various genetic abnormalities, including mutations involving PTEN/PI3K/AKT signaling pathway, NOTCH, and FBXW7, over 50% of T-cell ALL cases are found to have c-Myc upregulation and activation.[@b27-ott-9-5943] Due to the central role of c-MYC in T-cell ALL, JQ1 was also examined in T-cell ALL cell lines. Across all T-ALL cell lines, JQ1 was found to inhibit proliferation and viability.[@b27-ott-9-5943] Further, c-Myc mRNA and protein expression were both strongly diminished in T-cell ALL cell lines upon treatment with JQ1.[@b27-ott-9-5943] The efficacy of JQ1 was also evaluated in vivo in NOD mice xenografted with patient-derived T-cell ALL leukemic blasts. Two of four mice demonstrated inhibition of tumor growth and decreased cell proliferation upon treatment with JQ1.[@b27-ott-9-5943] Finally, as vincristine is commonly used in the treatment of T-ALL, JQ1 was combined with vincristine to assess for potential synergy of combining BET inhibitors with chemotherapy. Both T-ALL cell lines and NOD mice xenografted with patient T-ALL leukemic blasts revealed a synergistic decrease in proliferation and impaired tumor growth when JQ1 was combined with vincristine.[@b27-ott-9-5943]

BET inhibitors and lymphoma
===========================

Treatment of diffuse large B-cell lymphoma
------------------------------------------

Annually, there are approximately 70,000 patients newly diagnosed with non-Hodgkin lymphoma (NHL) in the US While the 5-year survival in NHL now approaches 70%, over 20,000 patients still die annually from NHL, highlighting an ongoing need for new therapies in lymphoma.[@b13-ott-9-5943]

Diffuse large B-cell lymphoma (DLBCL) represents the most common form of NHL, representing approximately 30%--40% of all cases.[@b13-ott-9-5943] DLBCL is curable, and frontline immunochemotherapy results in a complete remission in approximately 65%--75% of patients, with a 10-year overall survival rate of approximately 50%.[@b28-ott-9-5943],[@b29-ott-9-5943] However, in patients with relapsed and refractory DLBCL, outcomes are less favorable. Salvage regimens can result in a remission in approximately 40% of cases, but these remissions tend to be less durable.[@b30-ott-9-5943] Recently, based on an improved understanding of the molecular basis, DLBCL can be categorized into distinct subtypes which have prognostic significance and potential therapeutic implications. The major classification of DLBCL is based on cell origin, which is determined through cytogenetic and molecular testing. DLBCL can be classified as either germinal center B-cell (GCB) subtype or activated B-cell-like (ABC) subtype.[@b31-ott-9-5943] Clinically, the ABC subtype has been found to represent a more aggressive variant, with an inferior response to initial therapy, and a lower overall survival compared to GCB DLBCL.[@b31-ott-9-5943] Biologically, ABC DLBCL is characterized by constitutive activation of the NF-κB which promotes lymphomagenesis.[@b31-ott-9-5943] Conversely, GCB DLBCL is felt to be more responsive to standard immunochemotherapy.[@b31-ott-9-5943] Biologically, c-Myc plays a significant role in the pathogenesis in many GCB cases.[@b31-ott-9-5943] Another relevant distinction made is a determination of whether a DLBCL is a "double-hit" lymphoma. These lymphomas are characterized by a chromosomal translocation involving the c-Myc gene, and are sometimes considered a subset of GCB DLBCL, but additionally possess a chromosomal translocation of either BCL2 or BCL6 genes.[@b32-ott-9-5943] This confers a more aggressive course leading to an inferior response to traditional therapy and decreased overall survival. Here, we discuss about how the BET family of proteins may contribute to the pathogenesis of ABC DLBCL and c-Myc-mediated DLBCL, and the potential role of BET inhibitors in these lymphomas. [Table 1](#t1-ott-9-5943){ref-type="table"} summarizes potential targets in lymphoma sensitive to BET inhibition.

### Activated B-cell-like DLBCL

ABC DLBCL likely originates from a post-germinal B-cell based on gene expression profiling. Clinically, ABC DLBCL is more aggressive, with an inferior response to rituximab-based initial therapy compared to GCB-origin lymphomas.[@b31-ott-9-5943] As mentioned earlier, the NF-κB pathway is constitutively active in ABC DLBCL through various mechanisms. Two relevant mechanisms of NF-κB activation are through mutations leading to B-cell receptor (BCR) activation and signaling, and through mutations that target MyD88, which is an adaptor protein within the Toll-like receptor pathway that modulates activation of NF-κB.[@b33-ott-9-5943] Both the BCR- and MyD88-related signaling converges to activate IKK, which ultimately leads to NF-κB nuclear localization and transcription of NF-κB target genes.[@b33-ott-9-5943] BET inhibition has been shown to have activity against super enhancer-mediated transcription, including NF-κB-mediated transcription, and therefore was studied in ABC DLBCL. Treatment of four ABC DLBCL cell lines with JQ1 resulted in decreased NF-κB activity in each of these cell lines, along with decreased cell viability and increased apoptosis.[@b33-ott-9-5943] Interestingly, knockdown of BRD2 or BRD4 or BET inhibition resulted in decreased phosphorylation of IKK-β, which led to IKK inhibition.[@b33-ott-9-5943] IKK inhibition inhibited BCR-, MyD88-, and NF-κB-related gene expression.[@b33-ott-9-5943] Further, BET inhibition was examined in combination with the Bruton's tyrosine kinase (BTK) inhibitor, ibrutinib. Inhibition of BTK led to inhibition of BCR signaling, and therefore, ibrutinib and JQ1 were combined to determine whether they potentially could synergistically inhibit BCR signaling.[@b33-ott-9-5943] Combination of JQ1 and ibrutinib was found to strongly inhibit tumor growth in ABC DLBCL mouse xenograft models to an extent greater than either inhibitor alone.[@b33-ott-9-5943] Overall, these preclinical findings provide rationale for BET inhibitor clinical trials to include patients with ABC DLBCL.

### c-Myc-dependent and double-hit lymphoma

Chromosomal translocations involving c-Myc are common to GCB DLBCL and essential for classification of double-hit lymphoma. Overall, up to 32% of DLBCL cases demonstrate c-Myc overexpression, and clinically, high-level c-Myc protein expression is an adverse prognostic factor.[@b34-ott-9-5943] Given the important role of the c-Myc oncogene in DLBCL, JQ1 was examined in DLBCL in order to determine if c-Myc expression can be inhibited, thereby inhibiting cell proliferation and survival. In one study, a panel of eleven human DLBCL cell lines, including seven GCB DLBCL cell lines, were treated with JQ1 for 3 days, and all cell lines demonstrated decreased viability in a dose-dependent manner.[@b35-ott-9-5943] Both cell-cycle arrest and apoptosis were seen in lymphoma cell lines treated with JQ1.[@b35-ott-9-5943] Further, JQ1 significantly reduced c-Myc protein expression in ten of eleven cell lines.[@b35-ott-9-5943] This included five cell lines with c-Myc translocations, and two cell lines with c-Myc amplifications.[@b35-ott-9-5943] Finally, in an NOD mouse model xenografted with a c-Myc-translocated DLBCL cell line, JQ1 was found to suppress tumor growth and improve survival.[@b32-ott-9-5943] Another BET inhibitor, OTX015, has also been evaluated in a panel of B-cell neoplasms, including GCB and ABC DLBCL, and was found to have antiproliferative effects through c-Myc target gene downregulation.[@b4-ott-9-5943] These findings were replicated using a third BET inhibitor, I-BET151.[@b12-ott-9-5943] Therefore, preclinical evidence demonstrates that BET inhibition can specifically downregulate c-Myc, leading to decreased proliferation and survival in c-Myc-dependent DLBCL. Overall, through inhibition of IKK and subsequently NF-κB or c-Myc, BET inhibition has been observed to have preclinical efficacy in a range of DLBCL subtypes warranting clinical trials examining BET inhibitors in lymphomas.

Treatment of Burkitt lymphoma
-----------------------------

Burkitt lymphoma (BL) represents a highly aggressive lymphoma, characterized by acute onset and rapid doubling time. BL clinically presents either as an endemic form, typically in African children, or sporadically, which is most commonly seen in developed nations affecting mainly children, and less commonly adults.[@b36-ott-9-5943] Genetically, BL is characterized by translocations involving the c-Myc gene on chromosome 8. The most commonly observed translocation is t(8;14), but translocations t(2;8) and t(8;22) are also seen in BL.[@b36-ott-9-5943] These result in a fusion of an immunoglobulin heavy-or light-chain gene promoter to c-Myc, leading to c-Myc overexpression and lymphomagenesis. Treatment for BL involves aggressive chemotherapy, and almost 80% achieve long-term remission.[@b36-ott-9-5943] However, when BL is found to be refractory to initial therapy, or there is relapse, salvage chemotherapy is ineffective, and prognosis is extremely poor.

BET inhibition has been studied in BL due to both the critical role of c-Myc and the need for more effective therapies in the relapsed/refractory setting. Treatment of three BL cell lines with JQ1 inhibited proliferation.[@b3-ott-9-5943] JQ1 potently decreased c-MYC expression in the BL cell line Raji in vitro and inhibited tumor growth and significantly increased survival in a mouse model xenografted with the Raji cell line.[@b3-ott-9-5943] Similar to findings reported in DLBCL cell lines, various other BET inhibitors, including OTX015 and I-BET151, also demonstrated antiproliferative effects when applied to various BL cell lines.[@b4-ott-9-5943],[@b35-ott-9-5943] These preclinical results all support clinical investigation of BET inhibitors in patients with BL.

Treatment of mantle cell lymphoma
---------------------------------

Mantle cell lymphoma (MCL) represents a mature B-cell NHL and accounts for approximately 7% of all NHLs.[@b37-ott-9-5943] MCL typically has a characteristic translocation, t(11;14), which fuses the cyclin D1 gene to the immunoglobulin heavy locus gene, resulting in cyclin D1 overexpression.[@b37-ott-9-5943] Similar to other B-cell lymphomas, MCL has been found to have various genetic alterations resulting in increased BCR and NF-κB activity.[@b37-ott-9-5943] BRD4 has been implicated in the regulation of cyclin D1 transcription, and transcription of BCR- and NF-κB-related genes. Therefore, JQ1 and I-BET151 were studied in MCL. Treatment with BET inhibitors resulted in increased apoptosis in all cell lines.[@b38-ott-9-5943] Further, when cell-cycle effect was evaluated, treatment of two MCL cell lines with JQ1 resulted in cell-cycle arrest.[@b38-ott-9-5943] Mechanistically, treatment with JQ1 was found to result in depletion of c-Myc and BCL2 gene expression, and depletion of NF-κB target gene expression including expression of BTK in MCL cells.[@b38-ott-9-5943] Finally, due to observed BTK depletion, JQ1 and ibrutinib were evaluated in MCL for synergy.[@b38-ott-9-5943] Cotreatment of MCL cells with JQ1 and ibrutinib synergistically induced apoptosis greater than either inhibitor alone.[@b38-ott-9-5943] Further, in NOD mice xenografted with the MCL cell line Mino, cotreatment with JQ1 and ibrutinib impaired tumor proliferation greater than either inhibitor alone, and also significantly improved survival over single-agent treatment.[@b38-ott-9-5943] These findings provide rationale for BET inhibitors in MCL. Additionally, due to synergy with ibrutinib, BET inhibitors potentially offer an option in the setting of ibrutinib resistance in MCL.

Treatment of less common lymphomas
----------------------------------

Beyond these commonly occurring lymphomas, several less common lymphomas reportedly are sensitive to BET inhibition. These include primary effusion lymphoma (PEL), which is associated with Kaposi sarcoma-associated herpesvirus (KSHV/HHV-8) and carries a poor prognosis. KSHV-encoded latent proteins trigger c-Myc deregulation, resulting in PEL proliferation.[@b39-ott-9-5943] PEL cell lines treated with JQ1 and I-BET151 were highly sensitive to BET inhibition, with decreased proliferation and cell survival.[@b39-ott-9-5943] Additional studies also point to a potential role for BET inhibition in anaplastic T-cell lymphoma, marginal zone lymphoma, and small lymphocytic lymphoma/chronic lymphocytic leukemia.[@b4-ott-9-5943],[@b40-ott-9-5943],[@b41-ott-9-5943]

BET inhibitors and multiple myeloma
===================================

MM is a malignancy characterized by an abnormal proliferation of dysfunctional plasma cells in the bone marrow, often leading to increase in immunoglobulin expression and potential organ dysfunction.[@b42-ott-9-5943] MM represents the second commonest hematologic malignancy in the US; over 20,000 patients are newly diagnosed annually, and 10,000 patients die each year.[@b42-ott-9-5943] Significant therapeutic discoveries have occurred for the treatment of MM leading to improved survival; however, MM is still considered incurable. The molecular pathogenesis of MM is heterogeneous and complex. Similar to NHL, activation of c-Myc and NF-κB target gene expression play an important role in the pathogenesis of MM.[@b42-ott-9-5943] Additionally, activation of the transcription factor IRF4 is thought to play an important role in the development of MM.[@b42-ott-9-5943] Beyond aberrant gene expression, IL-6 cytokine signaling is also felt to play an important role in the growth and survival of MM.[@b42-ott-9-5943] [Table 1](#t1-ott-9-5943){ref-type="table"} summarizes potential targets in MM sensitive to BET inhibition.

Given that c-Myc transcription plays an important role in the pathogenesis of MM, and BET inhibition was initially evaluated in MM cell lines in order to inhibit c-Myc transcription. Treatment of three MM cell lines with JQ1 resulted in significant downregulation of c-Myc-regulated genes.[@b1-ott-9-5943] Further, the c-Myc gene itself was inhibited by JQ1.[@b1-ott-9-5943] The antiproliferative effect of JQ1 was next assessed against a panel of 25 MM cell lines, and JQ1 demonstrated uniform inhibition of proliferation.[@b1-ott-9-5943] These results were confirmed in primary MM samples. Finally, JQ1 was assessed in vivo in an MM tumor-bearing mouse model. Treatment of these xenografted mice with JQ1 resulted in significantly decreased tumor burden, decreased immunoglobulin expression, and a significant improvement in overall survival.[@b1-ott-9-5943] A second mouse model representative of extramedullary MM, or plasmacytoma, also demonstrated a significant response to JQ1.[@b1-ott-9-5943]

Beyond therapeutic targeting of c-Myc, BET inhibition plays a possible role in suppressing IL-6. Because IL-6 is thought to play an important role in MM pathogenesis, JQ1 was applied to MM cells to determine if IL-6 secretion was suppressed.[@b43-ott-9-5943] JQ1 significantly reduced lipopolysaccharide-induced IL-6 secretion in primary MM cells. JQ1 treatment also inhibited IL-6 transcription.[@b43-ott-9-5943] Finally, gene expression profiling of the MM cell line KMS12BM demonstrated that BET inhibition also downregulated IRF4-dependent transcription.[@b44-ott-9-5943] These data provide additional mechanisms for BET inhibition in MM beyond repression of c-Myc.

BET inhibitors in allogeneic SCT
================================

SCT is an important treatment option in aggressive lymphomas and acute leukemia due to a potential graft-versus-tumor affect, which can provide long-term disease control.[@b45-ott-9-5943] However, allogeneic SCT is associated with significant morbidity and mortality due to graft-versus-host disease (GVHD).[@b45-ott-9-5943] Acute GVHD occurs when donor T-cells are primed by recipient antigens subsequently triggering an inflammatory reaction against the host. Both dendritic cells (DCs) and T-cells play an important role in mediating this inflammatory reaction in acute GVHD, as priming triggers these cells to secrete inflammatory cytokines, such as IL-6 and TNF-α.[@b45-ott-9-5943] Given the broad transcriptional regulatory role of BRD4, particularly regulation of transcription of inflammatory factors, the ability of BET inhibitors to reduce DC and T-cell function was evaluated. Treatment with I-BET151 resulted in significant reduction in the secretion of IL-6, TNF-α, and IL-12 by stimulated DCs.[@b46-ott-9-5943] Additionally, various DC surface markers were downregulated on stimulated DCs by I-BET151.[@b46-ott-9-5943] Overall, DC function was felt to be significantly reduced by BET inhibition. Additionally, I-BET151 significantly reduced T-cell proliferation.[@b46-ott-9-5943] In terms of mechanism, BET inhibition was found to disrupt the interaction between BRD4 and acetyl-310 RelA in both DCs and T-cells.[@b46-ott-9-5943] This resulted in a decrease in acetylation-dependent transcription events. When tested in vivo in GVHD mouse models, I-BET151-treated mice lived significantly longer, with significantly reduced GVHD severity, and without any changes in donor chimerism or engraftment or tumor-related mortality.[@b46-ott-9-5943] Therefore, BET inhibitors may serve as a prophylactic therapy against acute GVHD without affecting the graft-versus-tumor effect.

BET inhibitors in clinical trials for hematologic malignancies
==============================================================

At present, extensive efforts have led to the development of several BET inhibitors currently in clinical trial for both leukemias and lymphomas. [Table 2](#t2-ott-9-5943){ref-type="table"} provides a summary of current clinical trials utilizing BET inhibitors for various hematologic malignancies. Recently, two completed Phase I trials utilized the BET inhibitor OTX015 either in leukemia or in lymphoma and MM.[@b5-ott-9-5943],[@b6-ott-9-5943] These published results give a window into the toxicity and initial response to BET inhibition.

Based on preclinical data, OTX015 was evaluated in a Phase Ib trial in relapsed/refractory leukemia patients.[@b5-ott-9-5943] In total, 36 patients with AML, with a median age of 70 years, with most having received at least two lines of prior therapy, were enrolled.[@b5-ott-9-5943] In addition, three patients with ALL, one patient with acute undifferentiated leukemia, and one patient with myelodysplastic syndrome were also enrolled. The primary end point was determining the dose safe for further studies, which was found to be 80 mg once daily given 14 days on and 7 days off.[@b5-ott-9-5943] At all doses, the main side effects observed were gastrointestinal (diarrhea, nausea, vomiting), fatigue, and hyperbilirubinemia.[@b5-ott-9-5943] Most gastrointestinal side effects were grade 1 or 2 in severity, whereas several patients had grade ≥3 fatigue or hyperbilirubinemia. Overall, there were no treatment-related deaths and no patients discontinued treatment due to adverse effects.[@b5-ott-9-5943] Treatment response assessments revealed that three patients achieved either a complete remission or complete remission with incomplete platelet recovery.[@b5-ott-9-5943] An additional two patients had partial blast clearance, and several other patients had a transient decrease in blast count and increased neutrophil count.

OTX015 was also investigated in a Phase Ib trial in relapsed/refractory lymphoma and myeloma patients.[@b6-ott-9-5943] A total of 45 patients, 33 with lymphoma and 12 with myeloma, with a median age of 66 years, having received a median of four prior lines of chemotherapy, were enrolled.[@b6-ott-9-5943] Similar to the leukemia study utilizing this drug, the primary objective was dose determination, and this study also recommended a dose of 80 mg/day on a 14-day on and a 7-day off schedule.[@b6-ott-9-5943] In terms of toxicities, gastrointestinal side effects were still present, but cytopenias were more prominent, and grade 3 thrombocytopenia was seen in 58% of patients.[@b6-ott-9-5943] Three patients with DLBCL achieved durable CR, and six additional patients with lymphoma demonstrated evidence of clinical activity, defined as any measurable disease change.[@b6-ott-9-5943]

Overall, both studies demonstrate that OTX015 could be safely administered to older patients with advanced hematologic malignancies. Phase II studies are required to further evaluate treatment response, and to determine if any biomarkers can predict clinical efficacy.

Mechanisms of BET inhibitor resistance in hematologic malignancies
==================================================================

The promising therapeutic potential of BET inhibitors has led to recent efforts on identifying potential mechanisms by which resistance develops to BET inhibitors. In leukemia models, two groups identified that resistant cells can restore c-Myc expression mediated through Wnt signaling.[@b47-ott-9-5943],[@b48-ott-9-5943] One study utilized MLL-AF9-transduced progenitor cells, and developed cell clones resistant, in vitro and in vivo, to the BET inhibitor I-BET151.[@b47-ott-9-5943] Transcriptional profiling of the resistant clones was performed, and significant upregulation of the Wnt/β-catenin and TGF-β pathways was seen.[@b47-ott-9-5943] When the Wnt/β-catenin pathway was antagonized, the resistant clones regained sensitivity to I-BET151 inhibition.[@b45-ott-9-5943] Conversely, when the Wnt/β-catenin pathway was stimulated in BET inhibitor-sensitive cells, this conferred rapid resistance to I-BET151. A second study demonstrated that in leukemia cells, acquired suppression of the PRC2, which typically functions as a histone methyltransferase that represses gene expression, resulted in increased Wnt signaling and restoration of c-Myc transcription.[@b48-ott-9-5943] Overall, these studies demonstrate that resistant leukemia can utilize alternate pathways, namely Wnt signaling, to restore c-Myc expression and c-Myc-driven proliferation. Consideration of mechanisms to inhibit Wnt signaling may ultimately improve clinical efficacy of BET inhibitors.

Combination strategies utilizing BET inhibitors
===============================================

Growing evidence suggests that selective targeting of a single oncogenic target is unlikely to result in sustained or sufficient clinical responses. Thus, there are increasing efforts to identify rational targeted drug combinations for synergy and to overcome potential resistance mechanisms against targeted therapies.

In leukemia, several combinations have been explored with BET inhibitors. In AML, the backbone of conventional intensive chemotherapy is ara-C. Therefore, JQ1 has been combined with ara-C to determine whether synergistic growth inhibition could be observed. When JQ1 and ara-C were combined in AML cell lines HL60 and KG1, a synergistic effect was observed with greater inhibition of proliferation compared to either drug alone.[@b49-ott-9-5943] Azacitidine is another approved chemotherapy agent for AML and has been combined with the BET inhibitor OTX015 to determine whether synergy could be observed. Both simultaneous and sequential treatment of the AML cell line Kasumi with azacitidine and OTX015 resulted in synergistic growth proliferation.[@b50-ott-9-5943] Beyond conventional therapies for AML, BET inhibitors have been combined with FLT3 inhibitors in FLT3 AML and demonstrated synergistic antiproliferative effects.[@b23-ott-9-5943] Finally, the combination of the HDAC inhibitor panobinostat with JQ1 synergistically attenuated c-Myc and BCL2, resulting in greater apoptosis in AML cell lines and significantly improved survival in NOD mice xenografted with AML cells.[@b51-ott-9-5943]

In lymphoma, preclinical data suggest that BET inhibitors have the potential to synergize with several targeted agents presently used in practice. In one study, the BET inhibitor OTX015 was examined as a single agent, or in combination with target agents, against established cell lines for DLBCL. Antiproliferative synergism was demonstrated in DLBCL when OTX015 was combined with rituximab, the mTOR inhibitor everolimus, the PI3K-δ inhibitor idelalisib, the HDAC inhibitor vorinostat, the hypomethylating agent decitabine, and the immunomodulant lenalidomide.[@b4-ott-9-5943] In addition, among ABC DLBCL cell lines, the combination of OTX015 and ibrutinib was demonstrated to have synergistic antiproliferative effects.[@b4-ott-9-5943] Combination therapy with OTX015 and bendamustine, doxorubicin, and the HDAC inhibitor romidepsin was demonstrated to have an additive antiproliferative effect.[@b4-ott-9-5943] Further, combination therapy with BET inhibitors was examined in MCL. As mentioned earlier, one study demonstrated that ibrutinib and JQ1 were synergistically lethal in MCL.[@b38-ott-9-5943] Another study demonstrated that in bortezomib-resistant MCL, the combination of JQ1 with lenalidomide was effective and inhibited proliferation synergistically.[@b52-ott-9-5943] Finally, BET inhibition in combination with bortezomib, a proteasome inhibitor used in MM, was evaluated in MM cell lines with acquired resistance to bortezomib and melphalan. The BET inhibitor CPI203, in combination with bortezomib, synergistically reduced viability in the resistant MM cell lines, and additionally reduced viability in a bortezomib-resistant patient sample.[@b53-ott-9-5943]

Overall, in both leukemias and lymphomas, BET inhibition preclinically appears to enhance the antiproliferative effects of various therapies in current use for these diseases. Development of combination strategies using targeted agents will likely be important to adequately treat hematologic malignancies in the future, similar to the success that was seen when combination chemotherapy regimens were developed. With an acceptable toxicity profile demonstrated in the Phase I trials utilizing OTX015, and preclinical evidence that BET inhibitors synergize with a number of targeted therapies currently in clinical use, summarized in [Table 3](#t3-ott-9-5943){ref-type="table"}, it is possible that BET inhibitors will play an important role when combination strategies are devised in the future.

Conclusion
==========

A growing body of preclinical evidence demonstrates that BET inhibition, and subsequent transcriptional inhibition, is an important therapeutic approach in a number of hematologic malignancies. Beyond c-Myc, BET inhibition has been demonstrated to repress aberrant oncogenic transcription driven by genetic abnormalities in AML, including by NPM1 mutations and MLL translocations. Further, in lymphomas, repression of transcriptional activation due to BCR activation or NF-κB activation makes BET inhibition broadly effective in a diverse range of pathologies. The immunomodulatory effect of BET inhibition, particularly on natural killer cells, may make BET inhibition an attractive strategy after SCT. Significant clinical efforts are underway to determine the safety of BET inhibitors in clinical practice. Initial reports indicate that BET inhibition is likely safe. To maximize the potential of BET inhibition, future studies should focus on the development of combinations that address resistance to BET inhibition, or synergistic combinations that may ultimately be able to address relapsed or refractory cases of leukemia, or lymphoma, for which currently few options exist.
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![Transcriptional activation by BRD4. Binding of BRD4 to acetylated histones recruits the P-TEFb complex, which contains CDK9 and cyclin T, to acetylated histones. BRD4 recruits transcriptional effectors and mediates activation of P-TEFb by displacing HEXIM1. The activated P-TEFb in turn phosphorylates and activates RNA polymerase II to initiate gene transcription. Small-molecule inhibitors, such as JQ1 and I-BET151, compete with the acetyl-binding pockets present in the bromodomains of BET proteins and block BET-dependent gene expression.\
**Abbreviations:** BET, bromodomain and extra-terminal; SEC, super elongation complex; PAFc, polymerase-associated factor complex.](ott-9-5943Fig1){#f1-ott-9-5943}

###### 

Examples of genes and cytogenetic abnormalities targeted by BET inhibition in hematologic malignancies

  Hematologic malignancy   Gene deregulation/cytogenetic abnormality
  ------------------------ --------------------------------------------------------------------------------------------------
  **Leukemia**             
  AML                      NPM1 mutation, FLT3-ITD mutation, MLL translocation, c-Myc overexpression, BCL2 overexpression
  ALL                      CRLF2 translocation, NOTCH activation, c-Myc overexpression, Aurora B kinase overexpression
  **Lymphoma**             
  DLBCL                    c-Myc overexpression, BCL2 overexpression, IRF4 overexpression, BCR activation, NF-κB activation
  Mantle cell lymphoma     c-Myc overexpression, BCL2 overexpression
  Burkitt lymphoma         c-Myc overexpression
  **Myeloma**              
  Multiple myeloma         c-Myc overexpression, IRF4 overexpression, IL-6 overexpression

**Abbreviations:** BET, bromodomain and extra-terminal; AML, acute myeloid leukemia; ITD, internal tandem duplication; ALL, acute lymphoblastic leukemia; DLBCL, diffuse large B-cell lymphoma; BCR, B-cell receptor.

###### 

BET inhibitors in ongoing early-phase clinical trials for hematologic malignancies

  Hematologic malignancies                                 BET inhibitor          Sponsor
  -------------------------------------------------------- ---------------------- -------------------------------
  AML, ALL, DLBCL, MM                                      OTX015                 OncoEthix
  AML, DLBCL                                               OTX015                 Merck Sharp & Dohme Corp.
  Lymphoma                                                 CPI-0610               Constellation Pharmaceuticals
  MM                                                       CPI-0610               Constellation Pharmaceuticals
  AML, ALL, CML in blast crisis, MDS, MPN, myelofibrosis   CPI-0610               Constellation Pharmaceuticals
  AML, MM                                                  ABBV-075               AbbVie
  Lymphoma, AML, MDS, MPN, myelofibrosis, MM               INCB054329             Incyte Corporation
  Any                                                      INCB057643             Incyte Corporation
  AML, MDS                                                 TEN-010                Tensha Therapeutics
  Leukemia, MPN, lymphoma, MM                              GSK525762 (I-BET762)   GlaxoSmithKline
  AML, MDS                                                 FT-1101                Forma Therapeutics

**Abbreviations:** BET, bromodomain and extra-terminal; AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; DLBCL, diffuse large B-cell lymphoma; MM, multiple myeloma; CML, chronic myeloid leukemia; MDS, myelodysplastic syndrome; MPN, myeloproliferative neoplasm.

###### 

Preclinical synergistic drug combinations with BET inhibitors in hematologic malignancies

  Hematologic malignancy   Combination agent
  ------------------------ ------------------------------------------------------------------------------------
  **Leukemia**             
  AML                      Ara-C, azacitidine, quizartinib, panobinostat
  ALL                      Vincristine
  **Lymphoma**             
  DLBCL                    Rituximab, everolimus, idelalisib, vorinostat, decitabine, lenalidomide, ibrutinib
  Mantle cell lymphoma     Ibrutinib, lenalidomide
  **Myeloma**              
  Multiple myeloma         Bortezomib

**Abbreviations:** BET, bromodomain and extra-terminal; AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; DLBCL, diffuse large B-cell lymphoma.
